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Introduction {#s1}
============

*Aedes aegypti* is the major mosquito vector of dengue fever (DF), yellow fever, and chikungunya fever. DF causes more illness and death in humans than any other arboviral disease [@pntd.0003085-Gubler1]. Mosquito control is mainly achieved by pyrethroids because of the high and rapid activity of this class of insecticides in insects, and its low toxicity to mammals. However, intensive and frequent use of these chemicals has resulted in the development of resistance in *A. aegypti* [@pntd.0003085-Hemingway1], [@pntd.0003085-Vontas1].

Pyrethroid insecticides target the voltage-sensitive Na^+^ channel (Vssc) [@pntd.0003085-Davies1]. Some amino acid substitutions alter the affinity of Vssc for pyrethroids and they confer resistance to this class of insecticide in insects [@pntd.0003085-Davies1]. Understanding how mutations alter interaction of pyrethroids with Vssc is important for improving our understanding of the pyrethroid mechanism of action and for constructing appropriate control strategies against pest insects. Previous studies have shown that additional amino acid substitutions concomitantly occurring in Vssc can further reduce an insect\'s susceptibility to pyrethroids. For instance, houseflies harboring Vssc with the L1014F substitution cause reduction in the affinity of Vssc for pyrethroids (so-called knockdown resistance or kdr), while the double mutation L1014F+M918T further reduces the susceptibility of the insects to pyrethroids (so-called super-kdr) [@pntd.0003085-Vais1].

In Southeast Asia, one of the largest DF endemic areas, two major *Vssc* haplotypes confer pyrethroid resistance to *A. aegypti*, i.e., S989P+V1016G and F1534C. *A. aegypti* with these two haplotypes are widely and sympatrically distributed in this area [@pntd.0003085-Kasai1]--[@pntd.0003085-Kawada1]. Neurophysiological studies have revealed that V1016G and F1534C single mutations each confer resistance to pyrethroids [@pntd.0003085-Du1]. The F1534C mutation has also been confirmed from another dengue vector, *Aedes albopictus* [@pntd.0003085-Kasai2]. S989P is usually accompanied by V1016G [@pntd.0003085-Srisawat1], but its contribution to pyrethroid resistance is unclear. Vssc harboring triple amino acid substitutions (i.e., S989P+V1016G+F1534C) has not been recorded from a field population of *A. aegypti* although heterozygous form of these two haplotypes were confirmed [@pntd.0003085-Stenhouse1], [@pntd.0003085-Kawada1]. Such a haplotype, however, can be generated by a single crossing-over event of the above two major resistance *Vssc* haplotypes. Moreover, the sensitivity of such a triple-mutated Vssc to pyrethroids has not yet been investigated.

In this study, we analyzed the pyrethroid sensitivity of Vssc harboring triple substitutions, using a two-electrode voltage-clamp method, and we discussed the effect thereof on the control of the dengue mosquito vector by pyrethroids. We also investigated the synergistic effect of S989P on the sensitivity of Vssc harboring the V1016G mutation to pyrethroid insecticides.

Methods {#s2}
=======

Ethics statement {#s2a}
----------------

This study complied with the guidelines for animal experiments performed at the National Institute of Infectious Diseases, Japan. The protocols for the use of mice and frogs were approved by the Animal Use Committee of the National Institute of Infectious Diseases (registration number: 211031) and Nippon-soda Co. Ltd. (registration number: 046), respectively. Animal experiments were carried out in adherence to the Guidelines for Proper Conduct of Animal Experiments established by Science Council of Japan in 2006 and the Animals (Scientific Procedures) Act 1986 by the Parliament of the United Kingdom. All surgery on *Xenopus* frogs was conducted under benzocaine anesthesia and all efforts were made to minimize suffering.

Mosquito strains {#s2b}
----------------

Two strains of *A. aegypti* were used: SMK, a laboratory reference strain susceptible to pyrethroid insecticides, and SP, originally collected from Singapore in 2009, which has developed a high level of resistance to permethrin (1650-fold in adult females) after permethrin selection for 10 generations [@pntd.0003085-Kasai1]. Mosquitoes were reared as described previously [@pntd.0003085-Kasai3].

*In vitro* metabolism and synergistic studies revealed that both reduced permethrin susceptibility and enhanced metabolic enzyme activity, via cytochrome P450 monooxygenases, confer the high level of resistance in strain SP [@pntd.0003085-Kasai1]. Our previous study confirmed that this strain possesses both S989P and V1016G mutations in *Vssc* homozygously [@pntd.0003085-Kasai1]. The full length of *Vssc* cDNA in the SP strain, however, has not yet been sequenced.

Chemicals {#s2c}
---------

Permethrin (purity\>99.1%) and deltamethrin (purity\>99.0%) were purchased from LGC Standards (Teddington, UK) and Wako Pure Chemical Industries, Ltd. (Osaka, Japan), respectively. The stock solutions of insecticides (100 mM) were prepared in dimethyl sulfoxide (DMSO). Working solutions were prepared in standard oocyte saline (SOS; 100 mM NaCl, 2 mM KCl, 1.8 mM CaCl~2~, 1 mM MgCl~2~, 5 mM HEPES, pH 7.6) immediately prior to experiments. The DMSO concentration in the final solution was \<0.1% and it did not affect the function of Na^+^ channels in the experiments (data not shown).

Sequencing full-length *Vssc* cDNA from SMK and SP strains {#s2d}
----------------------------------------------------------

Total RNA was extracted from 10 three-day-old females using ISOGEN (Nippon Gene Co., Ltd., Tokyo, Japan). Genomic DNA was removed by digesting the total RNA samples with DNase I using TURBO DNase (Life Technologies Co., Carlsbad, Ca, USA). cDNA was synthesized using RNA and QT\' primer (5′- CCAGTGAGCAGAGTGACGAGGACTCGTGCTCAAGCT ~15~-3′) and reverse transcriptase ReverTra Ace (Toyobo, Osaka, Japan) according to the manufacturer\'s instructions. The full-length cDNAs of *A. aegypti Vssc* were amplified by PCR using PrimeStar GXL DNA polymerase (Takara Bio Inc., Shiga, Japan) and the primers aegSCF1 (5′-ATGACCGAAGACTCCGATTCGA-3′) and aegSCR2 (5′-TCAGACATCCGCCGATCGT-3′). Cycling conditions for PCR were as follows: 95°C for 2 min, followed by 35 cycles of each consisting of 98°C for 10 s, 60°C for 15 s, and 68°C for 6 min. Nested PCR was performed under the same conditions, but using the primers aegSCF3 (5′-ATGACCGAAGACTCCGATTCGATAT-3′) and aegSCR4 (5′-TCAGACATCCGCCGATCGTGAA-3′). PCR products were purified by agarose gel electrophoresis and inserted into the pTA2 plasmid using the TArget Clone -Plus system (Toyobo, Osaka, Japan). The insert sequence was confirmed using the following primers: T7b (5′-CGTAATACGACTCACTATAGGGC-3′), aegSCF5 (5′-GTCGAATCTACCGAGGTGAT), aegSCF9 (5′-TGGTGTTACGATCAGCTGGA-3′), aegSCR8 (5′-CAGCCCTCTTGGAAGTAGTA-3′), AaSCF3 (5′-GTGGAACTTCACCGACTTCA-3′), aegSCF7 (5′-GAGGCGTTCAATCGGATATC-3′), AaSCR21 (5′-GCAATCTGGCTTGTTAACTTG-3′), aegSCF10 (5′-CGTTTCAGCTCATCGAGAAC-3′), AaSCR8 (5′-TAGCTTTCAGCGGCTTCTTC-3′), AlSCR8 (5′-AACAGCAGGATCATGCTCTG-3′), aegSCR6 (5′-TGCCTGAACTTCACCCAGTT-3′), and T3b (5′-CGCAATTAACCCTCACTAAAGGGA-3′). Eight and six clones of full-length *Vssc* cDNAs from the SMK and the SP strains, respectively, were sequenced. Nucleotide polymorphisms that were confirmed only in a single clone were considered to reflect polymerase errors.

Site-directed mutagenesis and cloning of *tipE* cDNA {#s2e}
----------------------------------------------------

Site-directed mutagenesis was performed by PCR using PrimeStar GXL DNA polymerase and primers that were designed based on the 5′ and 3′ end sequences of *A. aegypti Vssc* (*AaNa~v~S2*, DDBJ accession number: AB909019), which was isolated from insecticide susceptible SMK strain as described below. The forward primer aegSCF13 (5′-[CGGAATTC]{.ul}ATGACCGAAGACTCCGATTCGATAT-3′) and reverse primer aegSCR14 (5′-[GAAGGCCT]{.ul}TCAGACATCCGCCGATCGTGAA-3′) included *Eco*RI and *Stu*I restriction sites (underlined), respectively, to facilitate cloning. Full-length cDNAs encoding the substitutions V1016G (*AaNa~v~R6*), F1534C (*AaNa~v~R7*), S989P (*AaNa~v~R8*), S989P+V1016G (*AaNa~v~R9*), and S989P+V1016G+F1534C (*AaNa~v~R10*) in *Vssc* were amplified, as shown in [Figure 1](#pntd-0003085-g001){ref-type="fig"}. In this study we numbered the amino acid position according to the sequence of the most abundant splice variant of the house fly Vssc (GenBank accession nos. AAB47604 and AAB47605). Starting with *AaNa~v~S2* (wild-type), each fragment containing the smallest number of polymorphisms were subjected to oligonucleotide-mediated mutagenesis following a standard protocol [@pntd.0003085-Ho1], using the primers aegSCF15 (5′-GGAAATCTAGTAGGACTTAACCTTTTCTTAGC-3′), aegSCR16 (5′-GCTAAGAAAAGGTTAAGTCCTACTAGATTTCC-3′), aegSCF17 (5′-CTTCATCATCTGCGGGTCGTTCTT-3′), aegSCR18 (5′-AAGAACGACCCGCAGATGATGAAG-3′), aegSCF19 (5′-AGTGGATCGAACCCATGTGGGATT-3′), and aegSCR20 (5′-AATCCCACATGGGTTCGATCCACT-3′). Amplified PCR products were digested with restriction enzymes and cloned into the pTS1 vector (Nippon Gene Co., Ltd, Tokyo, Japan). Clones were fully sequenced and each amino acid substitution was confirmed. *Drosophila melanogaster* temperature-induced paralytic E (*tipE*) cDNA was also amplified and cloned into pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA) using published primer sequences [@pntd.0003085-Feng1]. The compatibility of *Drosophila* tipE with Vssc of other insects has been well documented [@pntd.0003085-Hu1]--[@pntd.0003085-Tan1].

![Mutations of *Aedes aegypti* Vssc investigated in this study.\
(A) Schematic illustration of the locations of the Vssc mutations assessed. Positions are numbered according to the amino acid sequence of the most abundant splice variant of housefly Vssc (GenBank accession nos. AAB47604 and AAB47605). (B) Six Vssc types investigated in this study and the positions of primers used for site-directed mutagenesis are shown. Primer sequences are listed in [Methods](#s2){ref-type="sec"}. AaNa~v~S2 is the wild-type Vssc of which the cDNA was isolated from the insecticide-susceptible SMK strain.](pntd.0003085.g001){#pntd-0003085-g001}

Preparation of cRNA {#s2f}
-------------------

Templates for *in vitro* transcription were PCR-amplified from plasmids using KOD plus Neo (Toyobo) and the primers pTS1_cRNA_F (5′-GCGCATAATACGACTCACTATAGGGAG-3′) and pTS1_cRNA_R (5′-AGCTGTGCGCGCAAATTAACCCTC-3′). Capped RNA transcripts were synthesized using the mMessage mMachine T7 Ultra Kit (Life Technologies, Carlsbad, CA, USA). The quantity and quality of cRNAs were verified by agarose gel electrophoresis and absorption spectroscopy, and cRNAs were stored at −80°C until required for use.

Expression of *A. aegypti* Vssc in *Xenopus* oocytes {#s2g}
----------------------------------------------------

Female *Xenopus laevis* were purchased from Hamamatsu Seibutsukyozai (Shizuoka, Japan) and maintained in dechlorinated water at 18°C. Oocytes were surgically obtained following anesthesia of a *Xenopus* frog using 0.03% benzocaine (Sigma-Aldrich, Tokyo, Japan), and enzymatically defolliculated by incubating them for 1--1.5 h in a Ca^2+^-free SOS containing 1 mg/ml collagenase (Wako Pure Chemical Industries, Osaka, Japan). *Vssc* cRNA and *tipE* cRNA (0.9 ng each) were co-injected into healthy stage V--VI oocytes, which were incubated at 18°C in SOS medium supplemented with 50 µg/ml gentamycin, 100 U/ml penicillin, 100 µg/ml streptomycin, 2.5 mM Na pyruvate, and 4% horse serum, for 2--4 days after injection. The medium was replaced daily and unhealthy oocytes were discarded. It is generally recognized that the knockdown resistance is a recessive trait [@pntd.0003085-Shono1]--[@pntd.0003085-Gao1]. Since we injected mRNA of a single Vssc haplotype into *Xenopus* oocytes, theoretically we reproduced the environment of the homozygous Vssc form in the cell.

Electrophysiological recording environment {#s2h}
------------------------------------------

Na^+^ currents were recorded using a TEV-200A (Dagan Corporation, Minneapolis, MN, USA) amplifier and digitized at 40 kHz with PowerLab 8/30 (AD Instruments, Nagoya, Japan). Signals were filtered at 2 kHz using a Bessel four-pole filter (Dagan Corporation, Minneapolis, MN, USA). The P/N method was used to subtract capacitive transient currents [@pntd.0003085-Bezanilla1]. Recording electrodes were prepared from borosilicate glass tubes (GC150TF-10; Warner Instruments, Hamden, CT, USA) using a P-1000 puller (Sutter Instruments, Novato, CA, USA). Electrodes were filled with 3 M KCl and had a resistance of 0.5--2.0 MΩ when measured in SOS. Oocytes were continuously perfused with SOS throughout the recording session, at a rate of 5 ml/min using a gravity-fed system. Experiments were performed at 18--19°C.

Voltage protocols and data analysis {#s2i}
-----------------------------------

Methods for Na^+^-current recordings were performed using standard two-electrode voltage clamping, as described by Du et al. [@pntd.0003085-Du2]. Na^+^ currents were elicited by a 20-ms test pulse from a holding potential of −120 mV to −20 mV. The peak current ensuing from 20-ms step depolarization, in response to a test potential (V) in the range of −80 mV to +40 mV, in 5-mV increments, from a holding potential, at 10-s intervals was measured. The voltage dependence of activation was then calculated by dividing by (V -- V~rev~), where V~rev~ is the reversal potential as determined from the current-voltage curves. Peak conductance values were plotted against V and fitted with the Boltzmann equation to obtain the half-maximal activation voltage.

The voltage dependence of Vssc inactivation was determined using a 200-ms pre-pulse in the range of −100 mV to 0 mV, in 5 mV increments, followed by a 20-ms test pulse at −20 mV. Data were plotted as normalized current vs. inactivation pre-pulse voltage, and fitted with the Boltzmann equation to obtain the half-maximal inactivation voltage.

Application of permethrin and deltamethrin were conducted using the disposable perfusion system [@pntd.0003085-Tatebayashi1]. Pyrethroid-induced tail currents were recorded during a 100-pulse train of 5-ms depolarizations from a holding potential (−120 mV) to −20 mV at 10-ms intervals [@pntd.0003085-Du2]. The amplitude of tail currents was used to establish the percentage of modified channels, as previously described [@pntd.0003085-Vais1], [@pntd.0003085-Burton1], [@pntd.0003085-Tatebayashi1], [@pntd.0003085-Tan2]. The decays of tail currents were fitted with single functions to determine the time constant (Tau values). The sensitivity of Vssc to each insecticide was defined as the concentration of insecticide at which 25% of channels were modified (EC~25~).

Statistical analysis {#s2j}
--------------------

The recorded data were analyzed using GraphPad Prism 5.04 software (GraphPad Software, Inc., La Jolla, CA, USA). Voltage dependences (both activation and inactivation of V~1/2~) were compared statistically between wild-type and mutant channels using one-way ANOVA followed by Dunnett\'s multiple comparison test. The decays of tail currents were fitted with single functions to determine time constants (Tau values). Statistical comparisons (one-way ANOVA followed by Dunnett\'s multiple comparison test) were made for time constants of the decays between the wild-type and the mutant channels at P\<0.05. Tukey-Kramer HSD (Honestly significant difference) procedure was used to test for the differences of % modified channels among Vssc haplotypes after the treatment of insecticides.

Results {#s3}
=======

Cloning and sequencing the full-length *Vssc* cDNA from *A. aegypti* {#s3a}
--------------------------------------------------------------------

Eight clones of full-length *Vssc* cDNA obtained from a pyrethroid-susceptible SMK strain were sequenced. The *Vssc* cDNA (six clones) of SP was also sequenced to determine if S989P and V1016G were the only substitutions present in Vssc in this strain. The SMK strain harbored two polymorphisms that both generated a substitution at amino acid 427 (R or K). K427 was not confirmed in the Vssc of strain SP. It is known that Vsscs have two mutually exclusive alternative exons (c and d) [@pntd.0003085-Thackeray1]; the expression of both exons was confirmed in both the SMK and SP strains. These two exons are 54 amino acids long and differ at two residues (V922+T952 and M922+I952 for exons c and d, respectively). In the SMK strain, the ratio of exon c and d were 0.54 and 0.46 (based on 13 clones), and we therefore concluded that these polymorphisms were not responsible for pyrethroid resistance. For electrophysiology studies, we used SMK-derived AaNa~v~S2 (DDBJ accession number: AB909019, consisted of 2109 amino acid residues), which contains R427 and exon c, as does the wild-type Vssc. We also confirmed that S989P and V1016G are the only amino acid substitutions present in the full-length *Vssc* cDNA in the SP strain.

Functional analysis of AaNa~v~S2 in *Xenopus* oocytes {#s3b}
-----------------------------------------------------

The wild-type *A. aegypti* Vssc (AaNa~v~S2) and *Drosophila* tipE, which is required for robust expression of insect Vssc, were co-expressed in *Xenopus* oocytes. No peak current was detected in oocytes that had not been injected with cRNA (data not shown). A peak current of approximately 0.5--3 µA was detected on days 2--4 in most oocytes that had been co-injected with wild-type *AaNa~v~S2* and *tipE* cRNA. A representative trace is shown in [Figure 2A](#pntd-0003085-g002){ref-type="fig"}. Currents were completely inhibited by 10 nM tetrodotoxin ([Figure 2B](#pntd-0003085-g002){ref-type="fig"}), confirming that they were Na^+^ currents.

![Structural and functional properties of *Aedes aegypti* Vsscs expressed in *Xenopus* oocytes.\
(A) The cloned AaNa~v~S2 (wild-type) channel was expressed in *Xenopus* oocytes and a Na^+^ current trace was recorded. (B) The Na^+^ current was blocked by the application of 10 nM tetrodotoxin, verifying that this was a Na^+^ current. (C) Normalized voltage-conductance and inactivation curves of AaNa~v~S2. The peak current was plotted against the depolarizing voltage (solid circles). The peak current amplitude was plotted as a function of the pre-pulse potential (triangles). Error bars indicate standard errors for 7--9 oocytes (D--I). Na^+^ current-voltage curves for 6 Vssc types. Error bars indicate standard errors for 7--9 oocytes. Reversal potentials were: (D) wild-type (+35 mV); (E) V1016G single mutation (+35 mV); (F) F1534C single mutation (+35 mV); (G) S989P single mutation (+35 mV); (H) S989P+V1016G double mutation (+25 mV); and (I) S989P+V1016G+F1534C triple mutation (+20 mV).](pntd.0003085.g002){#pntd-0003085-g002}

Oocytes were clamped at a holding potential of −120 mV, then depolarized to test potentials from −80 mV to +40 mV in 5-mV increments ([Figure 2C](#pntd-0003085-g002){ref-type="fig"}). Na^+^ currents through AaNa~v~S2 were detected at approximately −40 mV, and peaked at −15 mV ([Figure 2C](#pntd-0003085-g002){ref-type="fig"}). The half-maximal activation voltage of wild-type AaNa~v~S2 was −31.1±0.4 mV and the slope factor was 3.9±0.3 mV ([Table 1](#pntd-0003085-t001){ref-type="table"}). To assess the voltage dependence of steady-state inactivation, oocytes were held at −120 mV and depolarized with a series of 200-ms inactivating pre-pulses, from −100 mV to 0 mV in 5-mV increments, followed by a 20-ms test pulse at −20 mV. The half-maximal inactivation voltage was −48.8±0.5 mV and the slope factor was 5.5±0.4 mV ([Table 1](#pntd-0003085-t001){ref-type="table"}, [Figure 2C](#pntd-0003085-g002){ref-type="fig"}).

10.1371/journal.pntd.0003085.t001

###### Voltage-dependence of activation and inactivation of *Aedes aegypti* sodium channels and sensitivity of mutant channels to pyrethroids.

![](pntd.0003085.t001){#pntd-0003085-t001-1}

                                      Voltage dependence           Pyrethroid susceptibility                                                                             
  ---------------------------------- -------------------- -------------------------------------------- --------- --- ----------- --------- --- ------- ------ --- ------ ----
  AaNa~v~S2 (Wild-type)                       8                            −31.1±0.4                    3.9±0.3   7   −48.8±0.4   5.5±0.4   4   0.002    \-    4   0.01   \-
  AaNa~v~R6 (V1016G)                          7            −27.5±0.7[\*](#nt102){ref-type="table-fn"}   4.2±0.5   8   −47.1±0.6   4.6±0.5   5    0.2    100    8   0.02   2
  AaNa~v~R7 (F1534C)                          7            −28.7±0.3[\*](#nt102){ref-type="table-fn"}   4.0±0.2   7   −49.2±0.9   5.4±0.8   4   0.05     25    4   0.01   1
  AaNa~v~R8 (S989P)                           7            −28.4±0.4[\*](#nt102){ref-type="table-fn"}   4.3±0.3   8   −48.5±0.4   3.9±0.4   4   0.002    1     4   0.01   1
  AaNa~v~R9 (S989P+V1016G)                    8                            −32.0±0.4                    3.5±0.4   7   −47.3±0.5   4.6±0.5   4    0.2    100    4   0.1    10
  AaNa~v~R10 (S989P+V1016G+F1534C)            9                            −29.4±0.8                    5.0±0.7   7   −47.8±0.7   4.9±0.6   4    2.2    1100   4   0.9    90

Data were fitted with the Boltzmann equation to determine V~1/2~, the voltage of half-maximal conductance or inactivation, and *k*, the slope factor. Values represent the mean ± standard errors. Voltage dependences were compared statistically between wild-type and mutant channels using one-way ANOVA followed by Dunnett\'s multiple comparison test.

\**P*\<0.05. Ratios were calculated by EC~25~ (mutant)/EC~25~ (wild-type).

n, number of biological replications for each insecticide concentration tested.

Effect of Vssc mutations on gating properties of channels {#s3c}
---------------------------------------------------------

The expression of all five modified Vssc was confirmed in *Xenopus* oocytes. The effects of three substitutions (S989P, V1016G, and F1534C), alone or in combination, on the voltage dependence of activation, steady-state inactivation, and reversal potential were evaluated. Na^+^ currents recorded in oocytes expressing mutant channels exhibited voltage-dependent activation and inactivation, similar to those expressing the wild-type AaNa~v~S2 ([Figures 2D--I](#pntd-0003085-g002){ref-type="fig"}, [Table 1](#pntd-0003085-t001){ref-type="table"}). The reversal potentials of AaNa~v~R9 (S989P+V1016G) and AaNa~v~R10 (S989P+V1016G+F1534C) mutants were slightly shifted, from +35 mV in the wild-type ([Figure 2D](#pntd-0003085-g002){ref-type="fig"}) to +25 mV ([Figure 2H](#pntd-0003085-g002){ref-type="fig"}) and +20 mV ([Figure 2I](#pntd-0003085-g002){ref-type="fig"}) in the respective mutants. Three mutant channels, AaNa~v~R6 (V1016G), AaNa~v~R7 (F1534C), and AaNa~v~R8 (S989P) significantly (*P*\<0.05 by one-way ANOVA followed by Dunnett\'s multiple comparison test) shifted the voltage-dependence of activation in the depolarizing direction ([Table 1](#pntd-0003085-t001){ref-type="table"}). None of the Vssc mutants changed the voltage dependence of inactivation significantly ([Table 1](#pntd-0003085-t001){ref-type="table"}).

Effects of amino acid substitutions on the sensitivity of Vssc to permethrin {#s3d}
----------------------------------------------------------------------------

Pyrethroid-induced tail currents were elicited with a train of 100 depolarizing pulses [@pntd.0003085-Vais1], [@pntd.0003085-Burton1], [@pntd.0003085-Tatebayashi1], [@pntd.0003085-Tan2]. Currents were recorded 10 min after application of permethrin ([Figure 3](#pntd-0003085-g003){ref-type="fig"}). In the wild-type channel AaNa~v~S2, 100 nM permethrin induced large tail currents that recovered to baseline values within 3 s ([Figure 3A](#pntd-0003085-g003){ref-type="fig"}). In all five mutant channels, the same concentration of permethrin induced only a small tail current that quickly recovered to baseline ([Table 2](#pntd-0003085-t002){ref-type="table"}, [Figures 3B--F](#pntd-0003085-g003){ref-type="fig"}).

![Pyrethroid-induced tail currents from oocytes injected with various types of Vssc.\
(A, G) AaNa~v~S2 (wild-type); (B, H) AaNa~v~R6 (V1016G); (C, I) AaNa~v~R7 (F1534C); (D, J), AaNa~v~R8 (S989P); (E, K), AaNa~v~R9 (S989P+V1016G); (F, L) AaNa~v~R10 (S989P+V1016G+F1534C) in the absence (control) or presence of 100 nM permethrin (A--F) or 100 nM deltamethrin (G--L).](pntd.0003085.g003){#pntd-0003085-g003}

10.1371/journal.pntd.0003085.t002

###### Time constants of the decay (τ~decay~) of pyrethroid-induced tail currents.

![](pntd.0003085.t002){#pntd-0003085-t002-2}

  Vssc type          Mutations        Permethrin    Deltamethrin
  ------------ --------------------- ------------- --------------
  AaNa~v~S2          Wild-type          2.0±0.2       9.7±1.5
  AaNa~v~R6           V1016G          0.15±0.01\*    3.6±1.1\*
  AaNa~v~R7           F1534C          0.33±0.10\*    3.3±0.3\*
  AaNa~v~R8            S989P          0.60±0.08\*    4.0±0.4\*
  AaNa~v~R9        S989P+V1016G       0.22±0.13\*    3.8±2.0\*
  AaNa~v~R10    S989P+V1016G+F1534C   0.21±0.02\*      N. D.

The decays of tail currents were fitted with single functions to determine time constants (Tau values). Values represent the mean ± standard errors. Statistical comparisons (one-way ANOVA followed by Dunnett\'s multiple comparison test) were made for time constants of the decays between the wild-type and the mutant channels at \**P*\<0.05. N.D., not determined because the tail current tended to keep recovering to base line.

The S989P mutation had no effect on permethrin sensitivity on its own (AaNa~v~R8), or in combination with V1016G (AaNa~v~R9) ([Figure 4A](#pntd-0003085-g004){ref-type="fig"}). The V1016G and F1534C substitutions independently reduced sensitivity of Vssc to permethrin by 100- and 25-fold, respectively ([Table 1](#pntd-0003085-t001){ref-type="table"}, [Figure 4A](#pntd-0003085-g004){ref-type="fig"}). The combination of three substitutions, viz., S989P+V1016G+F1534C (AaNa~v~R10), exhibited 1100-fold more resistance, which represents an 11-fold reduction (1100/100) and a 44-fold (1100/25) reduction in Vssc sensitivity to permethrin as compared to Vssc harboring S989P+V1016G or F1534C, respectively. This suggested that these substitutions acted synergistically ([Table 1](#pntd-0003085-t001){ref-type="table"}, [Figure 4A](#pntd-0003085-g004){ref-type="fig"}).

![Sensitivity of *Aedes aegypti* Vsscs to permethrin and deltamethrin.\
The percentages of modified channels were plotted against different concentrations of permethrin (A) and deltamethrin (B), and fitted to a four-parameter logistic equation. Error bars indicate standard errors for 4--8 oocytes. The percentages of modified channels were significantly different between AaNa~v~R6 (V1016G) and AaNa~v~R9 (S989P+V1016G) at deltamethrin concentration of 1.0 µM (*P* = 0.0091 by Tukey-Kramer test) in [Figure 4B](#pntd-0003085-g004){ref-type="fig"}.](pntd.0003085.g004){#pntd-0003085-g004}

Effects of amino acid substitutions on the susceptibility of Vssc to deltamethrin {#s3e}
---------------------------------------------------------------------------------

Deltamethrin-induced tail currents initially increased, and then gradually recovered in the wild-type channel ([Figure 3G](#pntd-0003085-g003){ref-type="fig"}). However, the current in AaNa~v~R10 (S989P+V1016G+F1534C) had a lower amplitude and recovered to baseline more rapidly than did the wild-type ([Figure 3L](#pntd-0003085-g003){ref-type="fig"}). As compared with wild-type Vssc, deltamethrin-induced tail currents of four mutant channels (AaNa~v~R6, -R7, -R8, and -R9) decayed very quickly ([Table 2](#pntd-0003085-t002){ref-type="table"}, [Figures 3H--K](#pntd-0003085-g003){ref-type="fig"}). We could not estimate the actual time constant for AaNa~v~R10 (S989P+V1016G+F1534C) because the tail current tended to keep recovering to baseline. The deltamethrin-induced tail current of AaNa~v~R10, however, clearly decayed faster than that of the wild-type.

V1016G reduced the sensitivity of Vssc to deltamethrin by 2-fold, while F1534C alone exerted no effect on Vssc sensitivity ([Table 1](#pntd-0003085-t001){ref-type="table"}, [Figure 4B](#pntd-0003085-g004){ref-type="fig"}). S989P alone (AaNa~v~R8) had no effect on deltamethrin sensitivity, but the combination of S989P and V1016G (AaNa~v~R9) reduced deltamethrin-sensitivity of Vssc by 10-fold ([Table 1](#pntd-0003085-t001){ref-type="table"}), which was a 5-fold reduction in deltamethrin-sensitivity over that induced by V1016G alone. The percentage of modified channels were significantly different between AaNa~v~R6 and AaNa~v~R9 at deltamethrin concentration of 1.0 µM (*P* = 0.0091 by Tukey-Kramer test). Furthermore, S989P+V1016G+F1534C (AaNa~v~R10) exhibited a 90-fold greater resistance than wild-type. This represents a 9-fold (90/10) and 90-fold (90/1) greater reduction in sensitivity than that induced by S989P+V1016G and F1534C, respectively, indicating a strong synergistic effect of the triple substitutions ([Table 1](#pntd-0003085-t001){ref-type="table"}). The percentage of modified channels were significantly different between AaNa~v~R9 and AaNavR10 at deltamethrin concentration of 10 µM (*P* = 0.034).

Discussion {#s4}
==========

To date, the V1016G mutation (usually accompanied by S989P) of Vssc has been confirmed only in *A. aegypti* distributed in Southeast Asia, including Thailand [@pntd.0003085-Stenhouse1], [@pntd.0003085-Srisawat1], Vietnam [@pntd.0003085-Kawada1], Taiwan [@pntd.0003085-Lin1], Singapore [@pntd.0003085-Kasai1], and the Philippines (Yukiko Higa, personal communications). F1534C mutation of Vssc has also been confirmed from all of above regions except for Taiwan [@pntd.0003085-Kasai1]--[@pntd.0003085-Kawada1]. These two haplotypes were confirmed as heterozygous form as well [@pntd.0003085-Stenhouse1], [@pntd.0003085-Kawada1]. A previous study revealed that Vssc harboring V1016G exhibited a greater reduction in permethrin susceptibility than did Vssc harboring F1534C, which was in agreement with our findings. Surprisingly, the combination of S989P, V1016G, and F1534C altered the sensitivity of the S989P+V1016G mutant to permethrin and deltamethrin by 11-fold (1100/100) and 9-fold (90/10), respectively. Theoretically, this haplotype can be generated as the result of a single crossing-over event involving two resistant haplotypes (i.e., S989P+V1016G and F1534C), which are widely and sympatrically distributed throughout Southeast Asia. Pyrethroid insecticides may lose their efficacy in the control of *A. aegypti* if such a new type of Vssc emerges in the field population of this mosquito species. Therefore, we strongly emphasize the importance of surveying of the triple mutations in *Vssc* in the field population of this key mosquito vector. Early detection of this unique haplotype may assist in vector control strategies by providing early warning of insecticide insensitivity.

The likelihood of occurrence of such a Vssc with triple mutations may depend on its fitness cost. In this study, we observed that the reversal potential of AaNa~v~R10 (S989P+V1016G+F1534C) shifted slightly, although there were no statistically significant differences in the voltage dependence of activation or in the voltage dependence of steady-state inactivation between AaNa~v~R10 and the wild-type AaNa~v~S2. In North and South America, where no V1016G mutation has been confirmed in the Vssc of *A. aegypti* to date, V1016I is widely distributed [@pntd.0003085-Harris1]--[@pntd.0003085-Marcombe1]. The double mutations V1016I+F1534C have already been detected in some of these regions [@pntd.0003085-Linss1] and this fact implies the possibility that S989P+V1016G+F1534C triple mutations can also emerge. According to a neurophysiological study, V1016I does not alter the susceptibility of Vssc to pyrethroid [@pntd.0003085-Du1] while in another study quantitative trait loci (QTL) that affects permethrin resistance was mapped close to the *Vssc* gene with this mutation [@pntd.0003085-SaavedraRodriguez1]. Anyway, the synergistic effect of V1016I on the pyrethroid-susceptibility of Vssc with F1534C is intriguing. In our study, we focused on characterization of triple mutations that can be generated by a single crossing-over event between two major resistant *Vssc* haplotypes, but the pyrethroid-susceptibility of Vssc harboring V1016G+F1534C or S989P+F1534C double mutations may also elucidate the synergistic effects of these mutations.

Our results exhibited that S989P has a synergistic effect on the sensitivity of V1016G-harboring Vssc to deltamethrin, but not to permethrin ([Figure 4](#pntd-0003085-g004){ref-type="fig"}). This result contradicts with an earlier observation that S989P does not synergize with V1016G [@pntd.0003085-Du1]. The discrepancy between these two reports may be due to the use of different evaluation methods. We measured the Na^+^ currents of each Vssc at five concentrations of deltamethrin, with at least 4 independent replications, and used EC~25~ values as a measure of sensitivity. The percentages of modified channels were significantly different between AaNa~v~R6 (V1016G) and AaNa~v~R9 (S989P+V1016G) at deltamethrin concentration of 1.0 µM (*P* = 0.0091 by Tukey-Kramer test; [Figure 4B](#pntd-0003085-g004){ref-type="fig"}). In contrast, previous studies used the ratios of modified channels at only one concentration of the chemical; it is possible that this may have led to an underestimation of the effect of S989P. Our findings highlight the need for genotyping S989P mutation as well as V1016G and F1534C for better understanding the pyrethroid susceptibility of the field population of *A. aegypti* collected especially in Southeast Asia.

We thank Jeffrey Scott and Leticia Smith for their valuable comments that significantly improved the quality of our manuscript. The paper has been edited and rewritten by an experienced scientific editing company (Cactus Communications), which has improved English grammar and expression.

[^1]: The authors have read the journal\'s policy and have the following conflicts. Authors Koichi Hirata and Atsushi Yamamoto are employed by Nippon-soda Co., Ltd. This does not alter our adherence to all PLoS Neglected Tropical Diseases policies on sharing data and materials.

[^2]: Conceived and designed the experiments: SK KH OK KI AY TT. Performed the experiments: KH SK. Analyzed the data: KH SK. Contributed to the writing of the manuscript: SK KH OK KI AY TT.
